The effects of combined prenatal stress (including the action of electromagnetic fields, zoo social stress, and immobility on pregnant females) on the learning and memory of offsprings of rats were investigated. Two groups of male and female rats (n = 16 in each) were studied. The animals received prenatally (from 8 to 18 days of gestation) three different stresses as follows: immobilization of pregnant mothers (0.5 h, twice a day by placing in a restrainer), social stress (6 rats kept in a small cage), and exposure to electromagnetic waves (4 h, 0.5 MT, 50 Hz). The learning and memory of rats were assessed two months after birth (2, 6, 24, 48 h and 1-and 2-week-long intervals after training) by using a conditioning avoidance method. Also, expression of the APP gene was investigated in rats using RT-PCR. The prenatal stress suppressed visits of male offsprings to the dark compartment in comparison with the control group, and the difference was significant 2 h after the shock (P < 0.05). These parameters were also reduced in female offsprings of the stressed group, but this difference was insignificant (P > 0.05).The relative expression of the APP gene was also higher in both male and female offsprings (P < 0.05 and 0.01, respectively). Thus, the implemented combined prenatal stress impaired the acquisition process and long-term memory in male offsprings and long-term memory in female offsprings. Also, it may promote deposition of β-amyloid plaques.
INTRODUCTION
There is evidence pointing to the importance of in-utero and early-life periods in mammals on the quality of later life. Good physical and mental conditions during pregnancy are important for the normal development of the baby. Stress is a factor that has always disturbed the person's physical and mental balance and induces psychosomatic and mental problems in different aspects of life. This influence reduces the individual's performance.
Prenatal stress can be rather dangerous and is a potential factor involved in the development of some neurological diseases [1, 2] . In this regard, it has been reported that prenatal stress may interfere with brain develop ment, leading to the arrival of abnormal neuronal connections and subsequent brain structural and functional abnormalities. Evidently, children subjected to prenatal stress have a lower birth body mass and smaller head circumferences, which may be a sign of defective brain evolution [3, 4] .
The hippocampus occupies an important position in learning mechanisms; there is evidence that in-utero stress can have a decisive effect on the development and activity of this brain structure. Chronic stress reduces the number of hippocampal neurons, and one of the mechanisms involved in this event is an increase of neurosteroids in the blood and brain of the fetus [5] . In this context, it has been shown that immobilization stress of the mother's organism causes dysfunction of the hippocampus and disrupts spatial memory formation in borned rats [6, 7] . Some researches showed that the effects of stress are also gender-dependent. For example, "crowd" stress (in the form of an increased number of animals in a cage) have been shown to exert a greater effect on female offspring than on male offspring [8, 9] .
Today, any human being is exposed to a wide variety of electromagnetic fields at home and in the workplace, through the generation or transmission of electricity, household appliances, industrial machinery, and telecommunication systems, which may have adverse effects on health [10] . Various biological effects of electromagnetic fields (EMFs) have been reported; these include interference with brain activity, changes in the behavior and cognition (including locomotor activities), glutamate receptor activity [11, 12] , heart rate, and sleep [13] . Within recent years, industrialization of the society has increased contacts with the respective instruments, which has attracted special attention to the adverse effects of EMFs [14] . A crucial period for the development of the nervous system is during embryonic and fetal life; if a fetus has been exposed to the above kind of stress, it could affect the mental abilities.
Our study was performed to determine the combined effect of prenatal exposure to three types of stressors on passive avoidance learning and memory in male and female rats. Because the exposure to EMFs is at present practically indispensable, and communities are faced with population growth along with reduced physical activity, we examined the adverse health effects of these factors on learning and memory (as probable risk factors for the development of Alzheimer's disease).
METHODS
This study was performed on 18 male and female Wistar rats (200-250 g) purchased from the Razi Institute (Karaj, Iran). The rats were kept in an Animal house with appropriate conditions of light and temperature and had unlimited access to food and water; adequate permanent care of the animals was taken.
Females were divided into two groups (control and stressed; n = 6 in each group); three adult male rats were added to each cage for four nights for mating. Then, the pregnancy of these females was confirmed by vaginal plaques. The control group had a normal pregnancy, while the stressed group was subjected to stress every day, from the second and third week of pregnancy (from gestational days [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Stress-inducing factors included 4-h-long exposure to EMF (0.5 mT, 50 Hz), restraint (0.5 h, twice for a day), and crowd stress (by maintenaning six rats in a small cage).
Two months later, the offspring from each group, 8 male and 8 female rats, were selected randomly, and their learning and memory indices were examined using passive avoidance conditioning (a shuttle box) [15] . At the end of the test, rats received deep anesthesia; following decapitation, their brains were rapidly removed and frozen at -70°C for the later measurement of the level APP expression. The latter index in brain samples was assessed by RT-PCR using an RNX Plus Kit according to the manufacturer's instructions. Briefly, following RNA extraction, the quality and quantity of RNA were analysed via spectrophotometry and agarose gel electrophoresis (AGE). Following cDNA synthesis, PCR amplification was performed using specific primers for APP and GAPDH (as the control). Products were then analyzed through AGE and photographed by Gel Doc. Levels of APP gene expression were expressed relative to the GAPDH expression.
DNA Extraction from Brain Tissue. Briefly, 1.0 ml RNX solution was added to the brain samples from the frontal and temporal lobes, mixed completely, and kept at room temperature for 5 min. Then 200 µl chloroform was added; the whole mixed for 15 sec, placed on ice for 5 min, and centrifuged at 12,000 r.p.m. and 4°C for 15 min. The supernatant was transferred to an RNase-free microtube, and isovolumetric isopropanol was added. Then, the samples were centrifuged at 12,000 r.p.m. and 4°C for 15 min. The supernatant was discarded, and 75% ethanol was added. Following centrifugation, the sediment was dried at room temperature. To assess the quality of extracted RNA, the sediment was dissolved in 50 ml DEPC water; then 6 µl of each RNA sample was taken and diluted with 594 µl distilled water. The absorbance ratio, 280/260 nm, was determined with distilled water as a blank. Values higher than 1.9 were considered acceptable. The samples were stored at -70°C for later work.
Preparation of the Primer. The ordered primers were purchased from the Cinagene Co. (Iran), made to a final concentrations of 10 µM, and stored at -20°C. The sequences of forward and reverse primers used to amplify APP and GAPDH are as follows:
APP forward primer: 5'-GGA TGC GGA GTT CGG ACA TG-3', APP reverse primer: 5'-GTT CTG CAT CTG CTC AAA G-3', rat GAPDH forward primer: 5'-GACATGCCGCCTGGAGAAAC-3', and rat GAPDH reverse primer:
cDNA Synthesis. For cDNA synthesis, the following were addeded to 5 µl of the RNA extract and placed at 70°C for 5 min: 2 µl primer F (APP), 2 µl primer R (APP), and 12 µl DEPC-treated water. Then the samples were transferred on ice, and 2 µl 10x reaction buffer and 2 µl 10 mM DNTP mix were added, and the whole was maintained for an additional 5 min at 37°C. To this mixture, 1.0 µl M-MULV reverse transcrriptase was added, and the whole was placed in a 42°C water bath for 60 min. The resulting cDNA in this step was used as the template in the subsequent PCR amplification. The PCR reaction was conducted according to the following protocol (Tables 1 and 2) .
Agarose Gel Electrophoresis (AGE). To prepare a 1.5% agarose gel, 0.52 g agarose powder was dissolved in 35 ml TBE buffer, and 15 µl DNA safe stain were added. For AGE analysis, an aliquote of 7 μl of the PCR product was loaded into each well, and the resulting electrophoretogram was recorded by gel documentation.
Data Analysis. After the PCR raction, the density of bands on gels was converted into numerical values by Image J software. All data were analyzed using SPSS software, version 16, by ANOVA and the Tukey post-hoc test; P-values <0.05 in intergroup comparisons were considered significant.
RESULTS

Effect of Prenatal Stress on Learning in Male
Offsprings. Results showed that the latency for the entry into the dark chamber was shorter in male offsprings that had experienced combined stress during their fetal life. At the periods of 2, 6, 24, and 48 h and 1 and 2 weeks after shock, the offsprings from the stressed group showed smaller indices compared to the controls. This decrease was, however, statistically significant only in 2 h and 2 week examinations (P < 0.05), implying that fetal stress could disrupt the process of acquisition and recalling in male offspring rats (Fig. 1) .
Effect of Prenatal Stress on Learning in Female Offsprings. As is shown in Fig. 2 , the average latency to enter the dark chamber at 2, 6, 24, and 48 h and 1 and 2 weeks after the shock was shorter in female offsprings of the stressed group. However, this reduction was statistically significant only at the first and second weeks after the shock (P < 0.05 and P < 0.01, respectively), suggesting that fetal stress in the female offspring could affect long-term memory more intensely than the acquisition process (Fig. 2) . The Effect of Combined Prenatal Stress on the APP Expression in Adult Offsprings. The relative APP expression in both male and female offsprings of the stressed groups and stress-free group is presented in Figs. 3 and 4 . Statistical comparison of relative APP expression data using ANOVA and the LSD tests revealed that APP expression was significantly affected in the former (stressed) group compared to the control group (P < 0.05 for males and P < 0.01 for females). This means that combined prenatal stress could noticeably increase the APP expression levels. This fact can be interpreted as an increase in the risk of Alzheimer's disease-like disorder in later life in both male and female offsprings. 
DISCUSSION
In our study, the effect of three combined stress-inducing influences, including the action of electromagnetic fields, immobility, and zoosocial interference, during middle and late pregnancy, when the growth and development of the nervous system are known to be the most rapid, were evaluated; the indices of learning and memory of offsprings were estimated. Also, the relative levels of APP expression as a potential contributor to Alzheimer's disease in the exposed males and females were determined and compared to those in the control group. The results showed that the dark chamber entering latencies shown by male and female individuals (fetuses born by mothers with stress exposure) were shorter than in the control. Furthermore, training of the stressed groups for 1 or 2 weeks to assess the durability and power of recalling learnings revealed significant declines of these indices in the above groups. This means that fetal stress not only disrupts the process of acquisition in adult males but also has a negative effect on long-term memory in both sexes.
In our study, the levels of APP expression in tissue samples were also investigated. It was found that in-utero stress can cause significant increases in the APP gene expression in both sexes. Since the product of this gene is the precursor of amyloid plaques in Alzheimer's disease, higher levels of it in the stressed groups could have contributed to the obtained results for memory testings mentioned above. Our study showed that application of combined in-utero stress disrupts the process of learning and memory in adult male rats and, relatively more so, impairs long-term memory in adult females. Though the effects of different stressors have been studied in this context, to our knowledge there were no published reports on the effect of combined stresses on learning and memory. Overall, the published reports emphasized the adverse effects of prenatal stress on the learning process and memory, which are consistent with our findings. For example, it has been reported that immobilization stress on pregnant mice can impair the structure and function of the hippocampus and spatial memory in offspring individuals [16] . Also, in newborns of pregnant females that have been under social stress, significant disorders in learning and memory of offspring have been observed in a variety of tests, including the water maze test [17, 18] ; this is in line with the results of our study. There is also evidence that childen born after the action of fetal stress demonstrate several abnormal behavioral phenomena compared to those without a history of stress [19] . Recent findings confirmed that stress, particularly in the severe and chronic forms, could exert adverse effects on the process of brain development and mental capabilities [4, 6, 7, 20, 21] .
Under prenatal stress conditions, the activities of the amygdala and other subcortical regions showed abnormalities in their influences on the prefrontal cortex. It has been shown that, following chronic prenatal stress, neuronal complexes and synaptic communications demonstrate certain reductions in the prefrontal cortex [22, 23] .
Generally, the limbic system in the CNS is involved in a variety of cognitive and emotional actions and regulates adaptive responses to stress. When a response to stress fails, certain regions of the CNS, including the hippocampus, amygdala, and prefrontal cortex, display prominent changes. These changes occur both in the functions and structure of these CNS regions. The hippocampus is especially prone to stress-induced changes [23] . This formation (hippocampus) is a structure in the middle temporal lobe, which is specifically associated with descriptive memory. It is a dynamic structure influenced by such factors as environmental, behavioral, endocrine, and pharmacological agents. In this context, it has been shown that stress and glucocorticoid administration cause certain impairments in the plasticity of this structure [24, 25] . Recent studies showed that middle-aged individuals with high levels of cortisol perform poorly in memory testing, and their hippocampus is smaller [26] . Even short-term stress lasting a few hours can considerably impair brain cells in the areas involved in learning and memory [27] .
Studies of the hippocampus revealed that the levels of some proteins involved in the signaling pathways associated with memory (like CAM KII) are reduced under stress conditions [28] . In fact, the hippocampus is the primary region, which, in addition to the hypothalamus, has been known as a target tissue for stress and high glucocorticoid levels. The hippocampus posseses a high density of glucocorticoids receptors and, under normal conditions, regulates the levels of stress-related hormones. Lesions to this region led to unregulated high levels of stress hormone production, which further impairs the hippocampus. The latter structure is rich in glucocorticoids and other stressrelated mediators, which can affect the cognitive processes, influence mood and motivation, and accelerate neural excitation and protection. Also, these mediators can cause detrimental effects on the hippocampus under chronic stress conditions [29] .
Numerous studies have emphasized the adverse effects of different kinds of prenatal stresses on the fetal nervous system. However, the exact mechanisms of the respective changes are still unknown. Most researchers give emphasis to the unregulated activity of the hypothalamus-pituitaryadrenal axis in pregnant mothers kept under stress conditions [9] , which creates high levels of corticosteroids in the blood of fetuses and which, in contact with the brain, has adverse effects on the growth and later development and performance of the nervous system [8, 30, 31] .
Numerous studies have demonstrated that the level of glucocorticoid transmission via the placenta is also associated with the gender of the fetus. The greatest placental flow of glucocorticoids ocuurs when the fetus is female. In this way, a female fetus would be exposed to higher levels of stress mediators than a male fetus [32] .
In addition, cellular and molecular research has shown that stress alters the sensitivity of dopamine, glutamate, and opioid receptors in some areas of the brain, so that the neurotransmitter responsiveness is impaired. This effect disrupts the neurotransmission systems involved in learning and memory. Severe stress also leads to loss of neurons in some regions of the brain, meaning that high levels of steroids released during stress and introduced into the fetus blood would leave considerable neurotoxic effects on the fetus brain [9, 33, 34] . Human and animal studies have shown that stress is associated with reduced levels of BDNF. As BDNF is involved in the growth and survival of the nervous system, as well as in synaptic transmission and plasticity, this reduction could expose the nervous system to several disturbances, including atrophy of the hippocampus and middle frontal cortex [35] [36] [37] . Studies indicating that long-term exposure to lowfrequency EMFs could be a significant risk factor for the development of Alzheimer's disease [38] . According to these studies, the adverse effects of EMFs occur through several ways including, among others, an increased production of β-amyloid, decreased production of melatonin, interference with brain activity, changes in the activity of NMDA receptors, and genome instability [3, [39] [40] [41] [42] . In this regard, it has been shown that exposure to electromagnetic radiation during fetal life causes significant reduction of pyramidal cells in Ammon's horn, an area of the hippocampus specifically associated with spatial learning [21] . Also, some studies have shown that severe stress to the mother could result in deterioration of the long-term potentiation mechanism, which is supposed to be the main molecular mechanism of learning and memory in the hippocampal CA1 region. Consequently, the action of prenatal stress reduces the responsiveness of pyramidal neurons in this zone [43, 44] .
There are further studies pertaining to the effects of different stresses, such as compulsory swimming, exposures to EMFs, and mother's immobility, during fetal life, which interfere with learning and memory later on. Thus, special attention should be paid to the adverse effects of prenatal stresses of various nature on learning and memory of the offspring [45] [46] [47] .
In summary, our study demonstrated that multifacial in-utero stress can significantly affect offspring learning and memory, and the respective effects are partly gender-dependent. Also, it was shown that fetal stress can cause a significant increase in APP expression in both sexes. Together, stress applied during fetal life may predispose an individual to brain disturbances in middle age and increase the risk of premature Alzheimer's disease [48] .
